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Abstract 
Soil water uptake by plant roots results from the complex interplay between plant and soil which modulates and 
determines transport processes at a range of spatial and temporal scales: at small (single root) scale, uptake is 
determined by local soil and root hydraulic properties but, at the root system scale, these local processes interact with 
the macroscopic water flow in soil and the spatial arrangement of roots in the soil. Recent modeling approaches, such 
as 3D functional architectural models of root systems, are becoming useful tools for integrating plant processes and 
studying their interactions/responses with the environment. However, integrating efficiently the microscopic flow 
towards roots is at stake in the coupling of such 3D root models with soil water flow models. The required fine 
meshing of soil with (large) 3D root systems for the flow solution would result in huge, impracticable, simulations. 
We show here a way to estimate the “microscopic” gradients around a root, interacting with other adjacent roots, 
based  on the superposition principle of linear PDEs, resulting in an “equivalent model” of root water uptake that 
avoid the fine meshing of the soil for the flow problem. We test this approach by comparing a detailed finely meshed, 
explicit modeling of soil and roots, with this equivalent approach using a coarse mesh. The example application is a 
2D case (root impacts) which shows how root spatial arrangement (regular, clumped or heterogeneous root 
distribution) impacts temporal pattern of root water potential, compared to the mean soil water potential, but also the 
decrease of actual evapotranspiration and the use of available soil water by plants. The good agreement between the 
equivalent and explicit modeling makes this equivalent approach promising for 3D functional architectural modeling 
of root systems in soil. 
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1. Introduction 
Since the pioneering theoretical work of Gardner (1960) [1], the debate occurred concerning the 
relative importance of soil and plant hydraulic resistance in root water absorption. For example, Newman 
(1969) [2] stated that under most field conditions, the rooting density is high enough so that soil 
resistance would usually be low and root potential would follow mean soil water potential. Later studies, 
however, pointed out that this may not always be the case [3], [4], [5], [6], [7], [8]. If it is generally 
admitted that in dry soils (e.g. water potential < -150 m) soil resistance dominates, while the reverse is 
true for wet soils, there is a range of water content were respective influence of both soil and plant on 
water transfer are still unclear, as noticed by Draye et al. (2010) [9]. These soil plant interrelations can be 
linked to various factors, among them: the soil texture, the alteration of root-soil contact or of soil root-
interface properties, the proportion of “active” roots in the uptake and finally, the spatial distribution of 
roots in the soil.  
A major difficulty in assessing soil-plant water transfer lies in the fact that the experimental 
determination of in situ root water potential or water potential at the root surface is difficult to achieve, 
even if recent experimental progress shown high water content gradient: with drier soil next to roots [3] or 
more surprisingly higher content next to roots [10], attributed to root derived mucilage for the latter. 
Notwithstanding that technology progress will be able to deliver more and more information at single 
local root scale, the root water uptake process arises from the complex interplay between the root system 
and the soil which modulates and determines transport processes at a range of spatial and temporal scales. 
At small (single root) scales, uptake is determined by local soil and root hydraulic properties but, at the 
root system scale, these local processes interact with the macroscopic water flow in soil, the spatial 
arrangement of roots in the soil and the hydraulic architecture of the root system [11].   
For getting an integrative understanding of such a complex soil-root system, functional architectural 
models of plants and, particularly of root systems, are becoming useful tools. They are able to integrate 
distributed plant processes and enable to test interactions/responses of root system with environmental 
variables, such as soil water for uptake [12], [13]. From this point of view, integrating efficiently the 
microscopic flow towards roots is at stake in the coupling of 3D root models with soil water flow models. 
Indeed, meshing of soil with (large) 3D root systems (i.e. about 1m x 1m x 1m) at the fine level required 
for describing water gradient near roots (about 1 mm) in numerical models would result in huge, 
impracticable simulations. Such constraint of scale mismatch in numerical simulation could be alleviated 
by an adaptive meshing, but this still results in intensive computational burden for large root systems 
[14]. This can also be done by designing a transfer function, which would capture most of the 
“microscopic” flow process around roots in order to deliver an accurate estimate of soil water potential at 
the root surface but using, as input data, water potentials at macroscopic scale derived from soil transfer 
model estimated on a coarse mesh [15].  
In this contribution, we present such an approach in order to adequately track time course of water 
potential at the root surface even with coarse discretization of the soil domain. We compare this 
simplified approach with an explicit one, where roots are discretized at a fine resolution, for a 2D case 
(root impacts map). These 2D cases, based on a former study by Tardieu et al. (1992) [4], encompass a 
variety of root distribution in soil (regular, clumped or heterogeneous root distribution) and enable the 
description of the influence of root spatial arrangement on the temporal pattern of root water potential, 
compared to mean soil water potential, and its influence on the decrease of actual evapotranspiration and 
the use of available soil water by plants. 
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2. Material and Methods 
2.1. Test case examples: horizontal root maps and simulation conditions 
We used the 3 root maps from the former modeling study of Tardieu et al. (1992) [4]. These maps 
have the same density of root contacts (1050 m-2) but different roots’ spatial distribution: Regular (Reg) 
which correspond to the (artificial) hypothesis of the “single root” approach [16] where roots share the 
same soil volume; Clustered (Clus) which is a common feature of root systems, where lateral roots 
colonize soil around a primary root, and finally an heterogeneous arrangement (Het) describing a subsoil 
compaction by wheel track for example, preventing root colonization of a part of the soil (Fig.1). The 
mean half distance between neighboring roots (equivalent to the radius of the “available” soil cylinder in 
the single root approach, Rsoil) is the same for the 3 maps:  = 17.4 mm, with Lv: root 
length density. Root radius is 1mm here. 
 
 
 
 
 
 
 
 
Fig. 1. Root impact maps used in the simulations. Reg stands for Regular root pattern, Clus stands for clustered, Het for 
heterogeneous pattern. Roots are 1 mm diameter and there are 210 roots on each map. Root map distributions are derived from 
Tardieu et al. (1992) [4]. 
The simulation scenarios consist of a soil, with hydraulic properties similar to a “clay” soil [17]. The 
soil layer is 0.4 m deep, with uniform root density and submitted to a potential evapotranspiration rate 
(PET) of 2 mm.day-1, sinusoidaly distributed during 14 h of daytime and PET=0 mm.day-1 during night 
time.  
We simulated water flow for this scenarios with both explicit and equivalent modeling described 
below, which resulted in outputs of soil water potential maps, water potential at the root surface of 
various roots, and actual evapotranspiration. The “mean” soil water potential was estimated from the 
value of the global water content, and is representative of a macroscopic potential, while root surface 
potential is representative of the microscopic potential.  
2.2. The soil water flow model 
The 2D/3D variably saturated flow modeling is based on the Darcy-Richards equation.  
 
 (1) 
 
where z is the upward vertical coordinate, h is the matric potential (hydraulic head),   the water content, 
K is the hydraulic conductivity and Q(x,t) is a sink or/and source term. Water flow was solved using 
Galerkin-type linear isoparametric finite elements on the mixed form of the Richards equation, enabling 
accurate mass balance [18], implemented in a C++ object oriented code (FAFEMO; [19]). To get an 
accurate description of the roots, a very fine spatial meshing was required, leading to huge CPU time and 
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storage cost. This major drawback could be overcome by a parallelization of the code. MPI 
(http://www.mpi-forum.org/) and PETSc (http://www.mcs.anl.gov/petsc/) libraries were used herein to 
parallelize the C++ sequential code.  For the simulation case with explicit description of root geometry, 
the soil was discretized with ~45000 nodes and ~90000 elements and represented 210 roots (Fig. 2). Each 
root's boundary was discretized by 28 nodes. The length of each triangular edge varied from 0.1 to 10 
mm. Boundary conditions at the root segments were either a flux density (corresponding to PET) or a 
matric potential when water potential at a root edge fell below a threshold, chosen here as -15000 cm, 
considered as the lowest water potential that the plant can achieve. For the simulation of the equivalent 
model on a coarse soil mesh ~2300 nodes and ~4500 elements discretized the soil, with an element size of 
~1 cm. Root uptake was embedded here in the distributed sink term Q. Q is calculated from the 
contribution of each roots in a grid element obtained by the equivalent microscopic soil root flow and 
uptake approach described below. These meshes were created with GMSH software 
(http://geuz.org/gmsh/).    
 
 
 
 
 
 
 
 
 
Fig. 2. Example of soil root meshing for the finite element soil water flow model. A/ Explicit model with fine meshing of individual 
roots with a zoom of root meshing on the left. This example refers to the Clustered root map in Fig. 1. B/ Mesh for the equivalent 
modeling, without explicit account of roots. Elements are about 1 cm length.  
2.3. An equivalent approach for microscopic soil root transfer and uptake 
Our approach is based on the classical representation of the steady rate cylindrical flow towards a 
single root [15], [20]. The steady rate assumption is . With this assumption, the use of matric 
potential flux   (i.e. the Kirchoff transform), linearizes Eqn. (1), such as, with r the radial 
distance: 
 
   (2) 
 
The solution of (2) and (1) is (e.g. [15]):  
ln   (3) 
if a flux density qr for root uptake is imposed as a boundary condition at the root radius rr  
 
or           
 ln
 ln
 (4) 
 
B A 
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if a matric potential (corresponding to a matric flux potential  ) is imposed as a boundary condition at 
the root radius rr . 
For both Eqn. (2), (3) and (4),  = rout/rr; out and rout correspond to an imposed matric flux potential 
(from a matric potential hout) at a radial distance rout from the root center (corresponding to cylindrical 
flow).  
As (2) is a linear PDE, we used the superposition principle to find the water potential at the root 
surface (rr) when multiple close roots are interacting for uptake in a grid element. If the root i is 
surrounded by N roots, this results in:    ; where rik are the distances 
between root i and k, including rii = rr , the root radius of root i,  is the function (3) or (4) omitting 
out, for characteristics of root k. Knowing  , the matric flux potential at the root surface can then 
be calculated. Numerical experiments shown that rout was close to the size of the coarse grid elements, 
while out can be approximated by the corresponding mean water potential of the element’s nodes. The 
“interacting” neighbors of a root are those from the same element and those which are comprised in a 
radius rout, including some neighboring elements.  
As for the explicit simulation, a given root is submitted to a prescribed flux condition (Eqn. 3), 
corresponding to PET, if the calculated root surface potential from superposition is higher than -15000 
cm, or to a prescribed matric potential (= -15000 cm) when it is lower, corresponding to stress condition 
(Eqn. 4 is then used for superposition).   
The sink term Q in (1) is then calculated for each element of the coarse mesh as sum of each root flux 
qi in that element, qi being either the flux density derived from PET, when the root is not under stress 
condition, or the flux calculated from derivative of Eqn. 4 (i.e.  ) when the root is under 
stress condition. 
3. Results 
3.1. Influence of root spatial arrangement on water uptake 
Fig. 3 shows the time course of actual evapotranspiration (AET), mean soil water potential and root 
surface water potential (averaged over all roots) as calculated by the explicit model and Fig. 4 shows the 
daily ratio AET/PET. The impact of root arrangement in soil is clearly depicted. Regular distribution 
enables the longer transpiration at potential rate (17 days - fig. 3, 4A). Clustered and Heterogeneous 
distributions show increasingly lower times of potential transpiration rates (12 and 9 days). This decrease 
in transpiration rate is linked to the increasing discrepancy between the root surface potential and the 
mean soil water potential (Fig. 3) and the night redistribution of water that become less and less effective 
with time. Maps of water potential Figure 6 exemplify this situation after onset of water stress. If, before 
stress, water can redistribute more or less, according to root distribution, at night time (data not shown), 
after stress this redistribution is less and less effective and enables large water potential gradients next to 
the roots at day time, letting zones of unexploited water (Fig. 6). This is particularly the case for the 
heterogeneous distribution, where large part of soil remains inaccessible for water transfer, but also for 
the clustered case. Figure 4B shows the increasing resistance to soil water flow, for a same bulk soil water 
potential, from the Regular to Clustered and Heterogeneous root arrangements.  
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Fig. 3. Time variations of transpiration and soil / root water potentials corresponding to the mean value for bulk soil and the mean 
value (for all the roots) for potential at the root surface. Results of the explicit, fine mesh, model, for the 3 root spatial arrangement 
(Reg, Clus and Het) with a PET of 2 mm/d. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  A) Time variations of the ratio of Actual transpiration (AET) to the potential transpiration (PET). B) Global resistance to soil 
water flow as a function of the mean, macroscopic, soil water potential. Results of the explicit, fine mesh, model, for the 3 root 
spatial arrangement (Reg, Clus and Het) with a PET of 2 mm/d.   
  
Clus Reg 
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3.2. Comparison between explicit and equivalent soil-root modeling 
Figure 5A shows the cumulative transpiration for both the explicit, fine mesh, and the equivalent, 
coarse mesh, models. The equivalent model overestimates slightly the transpiration, compared to the 
explicit model. The difference between models at the end of 40 days ranges between 5 and 7 % of the 
total transpiration, which represents ~2 mm over the whole period. Most of the deviation occurred after 
water stress (when root reaches -15000 cm). Figure 5B presents the mean water potential at the root 
surface. There is a rather good agreement between the models. However, the equivalent model may in 
some instances underestimated the water potential at the initial period the quick decrease of water 
potential,  just before occurrence of stress.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Comparison of the  cumulative transpiration flux A) and the mean water potential (over all roots) at the root surface B) 
between the explicit model of the soil root zone (fine mesh) and the equivalent model (coarse mesh) for root water uptake. Results 
for the 3 root spatial arrangement (Reg, Clus and Het) with a PET of 2 mm/d. 
Figure 6 shows the water potential maps calculated with the two models after stress occured. The 
detailed, explicit model shows clearly the high gradients next to the roots. Such details are lost in the 
equivalent model where the water soil map appears blurred compared to the explicit model. This is 
normal as the equivalent model estimates mean values over a coarse element. As a result the explicit and 
equivalent map agree rather well in describing bulk soil water potential. 
  
A 
B 
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Fig. 6. Comparison of soil water potential maps for the explicit model (fine soil and root mesh) and the equivalent model (coarse 
soil mesh, no explicit description of roots). The arrows point to individual roots (1: in a cluster, 2: isolated) whose water potential 
variation are shown Fig. 7.  Results for the 3 root spatial arrangements (Reg, Clus and Het) with a PET of 2 mm/d. 
Examples of microscopic behavior, for the water potential calculated at the root surface, is shown in 
Fig. 7 for some contrasted roots positions (i.e. root in a cluster or more or less isolated), pointed by the 
numbered arrows in Fig. 6.  
 
 
 
 
 
 
 
 
 
 
Fig. 7. Comparison of root surface water potential for the explicit model (fine soil and root mesh) and the equivalent model (coarse 
soil mesh, no explicit description of roots). The root numbers refer to the arrows in Fig. 6, where 1 is a root in a cluster and 2 an 
isolated root.  Results for the 3 root spatial arrangements (Reg, Clus and Het) with a PET of 2 mm/d. 
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The equivalent model results captured rather well most of the daily and longtime variations of root 
surface potential, compared to the explicit model in the various situations, i.e. the regular, cluster or 
heterogeneous distribution or whether the root is isolated or competing with other roots in a cluster of 
roots. As in Fig. 5, the root potential decreased more in the equivalent model at onset of stress, when 
water potential decreased quickly, sometimes reaching -15000 cm whereas it was not the case in the 
detailed model. 
4. Conclusion 
We present a new way for accounting of root water gradients next to the roots during water uptake in 
soil water transfer models. Such gradients may play an important role in limiting the uptake and we 
exemplify this by an explicit modeling of soil and roots in a 2D case for a clay soil. Depending on root 
spatial arrangement, water gradients next to the roots, but more importantly the interaction between 
adjacent roots, can drastically influence the uptake and, in the example shown here for clay soil, the time 
frame the plant can maintain its transpiration at a potential rate varied from 17 to 9 days for Regular to 
Heterogeneous root distribution. The equivalent approach presented here enables to account for these 
gradients next to a root, caused by the root and its neighbors, without the requirement of explicitly 
describing the roots in the soil model. A coarse meshing of the soil for the water flow model can be set 
up, which considerably decreases the numerical computational cost. We showed that this equivalent 
approach rather well reproduces global and local soil/root behavior. Some work remains, however, to get 
more precise calculation of flux when roots are stressed (i.e. root surface potential reaching -15000 cm 
here). Such a simplified equivalent approach is important for dealing with much more complex 3D soil 
and root system modeling, as it is the case for models of functional architecture of root systems 
interacting with soil. The 2D equivalent approach can be adapted to the 3D case and, combined with 
parallel computing, should enable the modeling of realistic roots systems, with a rather coarse 3D mesh 
but accounting for the spatial interaction between roots. Moreover, the approach permits to play around 
with a variation in hydraulic properties next to the root, but also to account for the decrease in water 
content in relation with nutrient transfer and uptake by the roots. 
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